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Abstract Widespread contamination of groundwater with geogenic arsenic is attributed to microbial
dissolution of arsenic‐bearing iron (oxyhydr)oxides minerals coupled to the oxidation of organic carbon.
The recharge sources to an aquifer can influence groundwater arsenic concentrations by transport of
dissolved arsenic or reactive constituents that affect arsenic mobilization. To understand how different
recharge sources affect arsenic contamination—in particular through their influence on organic carbon
and sulfate cycling—we delineated and quantified recharge sources in the arsenic affected region around
Hanoi, Vietnam. We constrained potential end‐member compositions and employed a novel
end‐member mixing model using an ensemble approach to apportion recharge sources. Groundwater
arsenic and dissolved organic carbon concentrations are controlled by the dominant source of recharge.
High arsenic concentrations are prevalent regardless of high dissolved organic carbon or ammonium
levels, indicative of organic matter decomposition, where the dominant recharge source is riverine. In
contrast, high dissolved organic carbon and significant organic matter decomposition are required to
generate elevated groundwater arsenic where recharge is largely nonriverine. These findings suggest that
in areas of riverine recharge, arsenic may be efficiently mobilized from reactive surficial environments
and carried from river‐aquifer interfaces into groundwater. In groundwaters derived from nonriverine
recharge areas, significantly more organic carbon mineralization is required to obtain equivalent levels of
arsenic mobilization within inland sediments. This method can be broadly applied to examine the
connection between hydrology, geochemistry and groundwater quality.

1. Introduction

Geogenic arsenic contamination poses an immense public health threat, especially to those in South and
Southeast Asia, who rely on groundwater for drinking water and irrigation (Fendorf et al., 2010). In most
of South and Southeast Asia, arsenic is released to the groundwater by microbial reduction of arsenic‐
bearing iron (Fe) (oxyhydr)oxides in anoxic environments. The dissolution of Fe (III) minerals is driven
by microbial oxidation of organic carbon (OC) to CO2 coupled to the reduction of Fe (III) (Oremland &
Stolz, 2005). This reactive OC may come from internal sources such as either older OC originally deposited
with sediments and typically assumed to be more recalcitrant or younger external sources. These external
sources include surficial sediments generating dissolved OC (DOC) or anthropogenic surface‐derived
sources, such as wastewater. However, the significance of each of these sources to the reactive OC pool
that enhances Fe reduction and arsenic release in sediments remains highly debated (Dowling et al.,
2002; Mailloux et al., 2013; Postma et al., 2012; Rowland et al., 2006). Sulfur cycling also can potentially
affect arsenic concentrations by producing insoluble arsenic sulfides (Saalfield & Bostick, 2009; Sun,
Quicksall, et al., 2016). However, sulfide, the product of sulfate reduction, can also indirectly solubilize
arsenic because it causes Fe (III) reduction (Burton et al., 2014; Saalfield & Bostick, 2009) and complexes
dissolved arsenic (Bostick et al., 2005; Suess & Planer‐Friedrich, 2012).
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Hydrologic conditions regulate the source and location of recharge and the evolution of groundwater chemi-
cal composition during flow. Sustaining high‐quality (low arsenic) water resources over the long‐term thus
involves an understanding the hydrological context of relevant biogeochemical processes. Recharge sources
can carry distinct compositions of dissolved loads of geochemically active constituents like arsenic, DOC,
and sulfate that affect arsenic retention in the solid phase. For example, if OC is primarily young DOC, then
advected OC from river or surface water is likely reactive and can exacerbate arsenic contamination
(Mailloux et al., 2013). River sediments can also host reactive OC that drives arsenic mobilization during riv-
erine recharge; the recharge water itself, however, may not maintain high DOC as it is consumed before
advection into the aquifer (Postma et al., 2010, 2017; Stahl et al., 2016). Perturbations in regional hydrology
associated with urban water use under anthropogenic pumping in the Red River Delta near Hanoi, Vietnam,
has increased riverine recharge and reversed groundwater flow and resulted in the lateral contamination of
previously low arsenic aquifers—raising concerns about the vulnerability and sustainability of these aquifer
systems (Berg et al., 2008; van Geen et al., 2013).

In this work, we bridge the gap between local‐scale investigations of heterogeneity and the larger Red River
Delta (Kuroda, Hayashi, Funabiki, et al., 2017; Richards et al., 2018; Winkel et al., 2011). We focus on a
regional‐scale study of hydrology and geochemistry along the RedRiver nearHanoi.While physicalmeasure-
ments of groundwater heads are valuable in determining flow patterns, they only provide a snapshot of cur-
rent conditions, and in many situations it is difficult or impractical to employ these data to identify
groundwater recharge sources. In this area, the spatially complex and transient nature of the regional hydrol-
ogy coupled with groundwater ages that exceed available head data collected over much shorter time scales
limits the applicability of using head data to determine recharge source. Thus, we rely on stable water iso-
topes and conservative ion concentrations to give insight and information into physical hydrology of our stu-
died system in our end‐member mixing analysis to determine fraction recharge from different sources.

Usually, recharge source distributions are calculated from specific end‐member composition for each
recharge source (Christophersen & Hooper, 1992; Clark & Fritz, 1997; Correa et al., 2019). Often, one of
the key challenges in resolving the flow path to aquifers is that the flow path and hydraulic gradient of all
the wells at all times is unknown. Here, however, we do not require the knowledge of the flow path or direc-
tion or a single source composition. Our method improves traditional methods of end‐member mixing ana-
lysis by using hydrogeological data to define a range of possible source composition and performs ensemble
modeling and Monte Carlo simulation of source distributions that give the most probable fraction recharge
for a particular recharge source. The Red River is a large fluvial system with uniquely isotopically light head-
water that differs considerably from local precipitation, making it ideal to model with our approach.

The unique ability to reconstruct recharge source fractions allows us to delineate novel relationships with
geochemistry that we would not discern otherwise, especially for large data sets. This offers a novel approach
generalizable to determining groundwater recharge fraction in hydraulic regimes with limited hydrograph
information based primarily on conditions of flow systems. From relationships and analysis of variance
against modeled fraction recharge, we examine how differences in the hydrology and recharge sources affect
arsenic concentrations, and how human perturbations to the aquifer system caused by urban pumping and
irrigation are affecting recharge source and groundwater quality. Differentiating these recharge sources
could be important in characterizing aquifer redox status, as recharge from both pond and rivers sources
can both enhance arsenic release (Kuroda, Hayashi, Do, et al., 2017; Majumder et al., 2016; Stahl et al.,
2016; van Geen et al., 2013; Xie et al., 2008). We expect that groundwater contains a large fraction of riverine
recharge that results in different redox processes contributing varying amounts of DOC and a heterogeneous
signature in sulfate that ultimately affects water quality.

2. Methods
2.1. Field Site

In the Red River Delta, groundwater samples were collected from a sampling survey of domestic wells con-
ducted in collaboration with Hanoi University of Science Research Centre for Environmental Technology
and Sustainable Development in December 2013 to May 2014 for a total of 150 groundwater samples with
a sample density of approximately one sample per square kilometer. Additional river, pond and groundwater
samples were collected from 2013 to 2017, including from well transects drilled on the west bank of the Red
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River in the village of Van Phuc. In 2016–2017, other well samples were also taken from orthogonal transects
just north of Van Phuc: in the village of YenMy near theHanoi cone of depression and on the east bank of the
Red River in the village of Van Duc, for a total of 183 groundwater samples with an average depth of 36.9 m
and spread of 7–80 m with the interquartile range falling between 27 and 45 m. Each well was sampled only
once in this study. River water from the Red River was also sampled during this time period in 2016–2017.

2.2. Water Sampling

For each groundwater sample, measurements of field parameters (pH, specific conductivity, and redox
potential) were collected with calibrated field probes (Hach portable multimeter HQ30d and HQ40d with
Intellical pH probe PHC20 and Intellical conductivity probe CDC401, Accumet AP72 meter with
Fisherbrand ORP probe model 13‐620‐81) and GPS measurements recorded. Water samples, collected for
stable water isotope and anion analyses, were filtered through 0.2‐μm Supor hydrophilic polyethersulfone
(PES) filters into 20‐ml high‐density polyethylene scintillation vials. To minimize evaporation effects, samples
were filled with no remaining headspace, sealed with Parafilm, and stored in the dark for shipment to New
York before processing. For trace metal analyses, water samples were filtered through 0.2‐μm Supor (PES)
filters into 20‐ml high‐density polyethylene scintillation vials and acidified with 1% HNO3. Samples for DOC
analysis were filtered through 0.2‐μm Supor (PES) filters into 25‐ml glass vials that were baked overnight
at 450 °C and acidified with 1% HCl. Rain, river, and surface waters were also sampled using the
same protocol.

2.3. Water Composition

Stable water isotope analysis was performed on the filtered, unacidified water samples at the Stable Isotope
Ratios for Environmental Research lab at the University of Utah for analyses of δ2H and δ18O values. Raw
instrumental data were corrected based on two primary laboratory reference materials for a two‐point nor-
malization method with an additional secondary reference material. The referencematerials were calibrated
against National Institute of Standards and Technology (NIST)/IAEA certified references. Values are
reported in δ notation (δ = (Rsample/Rstandard − 1) * 1,000) with units of per mille (‰), relative to Vienna
StandardMean OceanWater scale. The average precision for δ2H was 1.1‰ and δ18O was 0.2‰ for the repli-
cated analyses of the standards across the run. Chloride (Cl−), bromide (Br−), and sulfate (SO4

2−) were mea-
sured using a Dionex ICS‐2000 ion chromatograph equipped with an IonPac AS18 analytical column (Sun,
Chillrud, Mailloux, & Bostick, 2016). This method had a detection limit of 30–50 μg/L for halides. The dis-
solved concentrations of arsenic, iron, sulfur, bromine, and other relevant trace elements were measured
via an Element 2 inductively coupled plasma mass spectrometer using germanium as an internal standard
to correct for instrument drift (vanGeen et al., 2013; Sun, Quicksall, et al., 2016). Accuracy and precisionwere
tested with an internal lab standard and two NIST standards, NIST1640a and NIST1643f, with reliability
within<5% for all elements, and the blank detection limits (determined as 3 times average standard deviation
of blanks, accounting for all dilutions) were 0.2 μg/L for arsenic, <1 μg/L for Fe, ~14 μg/L for S, and 0.3 μg/L
for Br. DOCwasmeasured using the nonpurgable OCmethod on Shimadzu total organic carbon (V) analyzer
using a standard of K phthalate and average precision of 0.05 mg C/L (Sun, Chillrud, Mailloux, Stute, et al.,
2016; van Geen et al., 2013).

2.4. Water Level Measurements

From August 2016 to October 2017, the stage of the Red River was measured every 5 min using a pressure
transducer (Solinst Levelogger) deployed in the river. These data were barometrically corrected and refer-
enced according to mean sea level elevation (absolute elevation). A well elevation survey was collected using
a combination of high‐resolution total station GPS methods and traditional surveying compared to a bench-
mark by the Hanoi University of Science Department of Geography during April 2017. Relative elevations of
selected surface well pairs were confirmed with a water leveling tube. Relative error estimates based on loop
closure are within 1–2 cm. Absolute elevation of the river was determined with a manual survey measuring
the relative elevation of the river surface to a known elevation point at a specific point in time. Here, the
water year 2016–2017 (as defined by the U.S. Geological Survey) is used as a typical indicator of monsoonal
influence on Red River water levels, aligning with the groundwater samples collected that year. Although
water isotopic composition was also sampled at sites in other water years, river stage trends are similar year
to year (Stahl et al., 2016).
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2.5. Additional Data Sets

In addition to the survey completed, we also compiled a comprehensive data set for representative end‐
member stable isotopic values with precipitation isotopic values collected and determined in 2003 and
2004 at the Institute of Nuclear Science and Technology in Hanoi, precipitation and river values given by
the Global Networks of Isotopes in Precipitation, and Global Networks of Isotopes in Rivers retrieved
through the Water Isotope System for Data Analysis, Visualization and Electronic Retrieval database, and
previously published studies in the Red River Delta near Hanoi (Berg et al., 2008; Dang et al., 2010;
Kuroda, Hayashi, Do, et al., 2017; Postma et al., 2017; Stahl et al., 2016). Precipitation data for August
2016 to October 2017 were obtained from Precipitation Estimation from Remotely Sensed Information using
Artificial Neural Networks system from the University of California Irvine Center for Hydrometeorology
and Remote Sensing, which quantifies rainfall rate via remote sensing (Maggioni et al., 2016).

2.6. End‐Member Mixing Model of Recharge Sources

A three‐end‐member model was constructed with values of δ18O and δ2H to account for the main sources of
recharge to groundwater (gw): fresh precipitation (i.e., short residence time surface water), pond and surface
waters (i.e., nonriverine standing water with longer residence time that includes both pond and sewage), and
riverine recharge by rearranging equations (1)–(3) to equations (4)–(6) (supporting information, SI). Here,
the end‐member of surface water includes both ponds and sewage instead of sewage only as an individual
source as sewage commonly discharges to surface water bodies such as ponds.

f gw ¼ 1 ¼ f river þ f surface water þ f precip (1)

δ18Ogw ¼ f riverδ
18Oriver þ f surface waterδ

18Osurface water þ f precipδ
18Oprecip (2)

δ2Hgw ¼ f riverδ
2Hriver þ f surface waterδ

2Hsurface water þ f precipδ
2Hprecip (3)

f precip ¼
δ2Hgw−δ2Hriver−f surface water δ2Hsurface water−δ2Hriver

� �
δ2Hprecip−δ2Hriver

(4)

f river ¼
δ18Ogw−δ18Oprecip−f surface water δ18Osurface water−δ18Oprecip

� �
δ18Oriver−δ18Oprecip

(5)

f surface water ¼ 1−f precip−f river (6)

It is important to note that no singular end‐member value defines a given recharge source. Instead, in this
case, fresh rainfall recharge, riverine recharge, and surface water recharge all have isotopic compositions
that vary temporally, and to some extent spatially, over the study area. Thus, each recharge source has a
number of potential end‐member compositions and the best model should not depend on a single end‐
member but a distribution of potential end‐members that may be hydraulically constrained (Movie S1).
Thus, we use a two‐step Monte Carlo simulation that (1) identifies a number of viable end‐members and
their combinations frommeasured water isotopic compositions in specific sources and (2) varies these viable
end‐members to generate an ensemble of potential end‐member combinations from which the fractions of
each groundwater composition are estimated (Table S1). This is then repeated for each combination of the
viable end‐member compositions defined in the first step as demonstrated by Figure S1.

In Step 1, we identify a number of potential combinations of end‐members that are both consistent withmea-
sured hydrological heads and that describe most of the data. Frommultiple realizations of potential isotopic
end‐members values, potential isotopic end‐member distributions of δ18O and δ2Hwere chosen based on the
seasonality of the recharge source considered. Fortunately, many end‐members can be eliminated from con-
sideration based on seasonal trends in heads. For example, riverine recharge varies from −10‰ to 0‰ δ18O
from rainy to dry season due to evaporation in the dry season and dilution from fresh precipitation. Of these,
the heaviest of the isotopic compositions are present when the river stage is still generally low at the begin-
ning of monsoon season before it increases markedly later in the monsoon season (Figure 3). Thus, the rela-
tively low river stage is unfavorable for recharge except in a few areas where local pumping occurs. Given this
limit on riverine recharge end‐member composition, it is also possible to better describe surface water
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composition. Only combinations of (a) very light surface water and very heavy river water or (b) very heavy
surface water and very light river water can describe the bulk of groundwater compositions. Scenario (a) is
hydraulically unlikely as recharge is more likely to occur during themonsoon season when river water is iso-
topically lighter. Thus, the riverine recharge end‐member must be light isotopically light, and, in turn, sur-
face water (ponds) recharge is isotopically heavy. This is consistent with when most recharge is expected
from ponds (viz., toward the end of the dry season when ponds have a relatively heavy isotopic composition
due to evaporation).

The end‐member range for river water was thus chosen as the minimum possible riverine isotopic composi-
tion, found during the later monsoon season in September, because rivers only recharge aquifers when the
river stage is high enough to recharge the lower groundwater table (Stahl et al., 2016). The river stage is also
influenced by upstream dams as during the dry season some of the water may be stored or diverted for irri-
gation or open during floods, which may also affect whether the river stage is high enough to recharge the
aquifer (Dang et al., 2010; Le et al., 2007). While groundwater in some regions of Hanoi may experience
increased riverine recharge recently due to the Hanoi drawdown cone as discerned by water level measure-
ments, for most aquifers, the recharge from river to aquifers is more likely to be seasonal, especially preper-
turbation (Berg et al., 2008). The increased river stage coincides with the increased dilution of the riverine
isotopic composition from the isotopically lighter precipitation upstream and produces the riverine isotopic
composition minimum as depicted by the example hydrograph (Figures 3 and S2). This river end‐member
value was obtained from the intersection between the global meteoric water line, assumed to be generally
representative of inland precipitation, and the river “water line” as the minimum riverine isotopic composi-
tion possible should be derived from where the two lines intersect (Clark & Fritz, 1997). Although we also
take the resulting fraction riverine recharge to mainly represent fraction Red River recharge, it is generaliz-
able to the regional Hanoi area as fraction riverine recharge from rivers with similar headwaters including
smaller rivers and tributaries have closely similar isotopic composition (Figure S13). Finally, fresh precipita-
tion is similar to surface water recharge with the predominant difference being the residence time, or time
spent on the surface before recharge to groundwater, of the water. The fresh precipitation end‐member iso-
topic composition was selected as monthly weighted average precipitation to account for monthly variations
in amount of precipitation (SI Text S1).

From a list of 30 potentially reasonable models (Table S1), 18 end‐member combinations are rejected
because they resulted in models describing less than 60% of the groundwaters sampled. A particular model
was considered successful if it described at least 60% of the groundwaters sampled; the majority of successful
models described between 70% and 80% of groundwater samples and no models described greater than 90%
of groundwater samples. The lack of a model describing all of the data reflects the fact that models are
restricted to observed values rather than extremes and that there are likely to be more than three singular
end‐members across such a wide study area. We then retain this entire set of 12 end‐member combinations
describing more than 60% of groundwater data to model the fractions of each recharge source (Figure S3).
All incorporated end‐member models investigated in this step thus have this combination of light riverine
recharge and heavy surface water, though we investigate a range of specific values of each in modeling
(Movie S1). Only a small portion of groundwater samples can be described if the riverine recharge is heavier
than −8‰ δ18O so models that are carried forward all have light riverine recharge.

In Step 2, we generate an ensemble of modeled source attribution for each of the 12 retained end‐member
combinations retained from Step 1. For each of the potential end‐member compositions, we generate a set
of randomly determined and uniformly distributed (independent and identically distributed) isotopic compo-
sitions around each of the above‐defined end‐members. In this case, we use an approximate distribution of
±1‰ δ18O and±3‰ δ2H around the end‐member composition identified in Step 1 to reflect possible variance
in the true value from measured values without allowing the values of end‐member isotopic composition
stray such that it no longer is effective in describing much of the data. Using 10 potential values for each
end‐member yields 1,000 combinations of end‐members for each of the Step 1models, for a total of 12models
* 1,000, or 12,000 model realizations in all. The final fraction of each recharge source (riverine, precipitation,
and surficial water) for a particular groundwater sample is determined by generating a histogram of the frac-
tion of recharge determined from each realization within the ensemble. The mode of the histogram (deter-
mined to be a better descriptor than the mean or median as it is the most likely/probable value) is taken as
the representative fraction recharge for that particular groundwater sample by computing the maximum of
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the density of fraction recharge histogram. Recharge source values were then also normalized to unity. This
histogram also provides an estimate of the potential uncertainty of each source contribution from the stan-
dard deviation (Figure S4).

We also evaluated the effect of performing the Monte Carlo method to evaluate larger uncertainty around
ensemble models considered from Step 1. In general, doubling the uncertainty in Step 2 did not appreciably
change the calculated modal fraction of a recharge source, did not affect the rank order of samples with a
given recharge source and only slightly increased the uncertainty in the result (SI Text S1 and Figures S6
and S7). A comparison is alsomade to a likely end‐membermodel scenario where one (singular) set of values
per recharge source is used to determine how well they agree (Figures S8 and S9).

To distinguish between pond and sewage in the combined end‐member of surface water, we used an under-
lying two‐end‐member model based on only Cl concentrations (SI Text S2 and Figure S11). Although indi-
vidual ponds themselves may vary, Cl concentrations in ponds are an order of magnitude lower than that of
sewage (McArthur et al., 2012). The temporal variability within a year for ponds is also much smaller and
remains at least an order of magnitude lower than sewage Cl concentrations. The final fraction of sewage
(equation (7)) is given by the normalized fraction of surface water from the three‐end‐member model (equa-
tion (6)) multiplied by fraction sewage found via the two‐end‐member model via Cl and similarly for the
final fraction of pond (equation (8)).

f sewage ¼
Clgw−Clpond

Clsewage−Clpond
*f surface water (7)

f pond ¼ 1−f sewage
� �

*f surface water (8)

Using Br concentrations, or Cl/Br ratios, produced similar results but was more prone to error since many of
the water samples had Br concentrations at or near the limits of detection.

3. Results
3.1. Spatial Heterogeneity of Arsenic and Geochemical Parameters

Arsenic is spatially heterogeneous but high overall in the study area (Figure 1a). Only 29.2% of the household
well waters randomly sampled in the regional sampling survey are below the World Health Organization
guidelines of 10 μg/L and 39.3% are above the Vietnamese standard of 50 μg/L. High arsenic is found on both
the western (Hanoi) and eastern (less populated) side of the river.

The δ2H, δ18O, chloride, and bromide (Cl/Br) ratios of groundwater are conservative parameters that are
useful to establish water provenance. Their concentrations are also spatially heterogeneous but broadly vary
with distance from the Red River. Some of the lightest (most negative) groundwater δ18O values are found in
the river and in groundwater samples closer to the river (up to −10‰), while heavier groundwater δ18O
values are generally found in groundwater further away from the river (Figure 1b). This is consistent with
orographic differences in water sources, with heavy local waters reflecting local rainfall and lighter isotopes
in river water reflecting source water from higher elevations. Similarly, the concentrations of halides in
groundwater also vary strongly with orographic source with high levels near the sea to low levels inland,
as halide aerosols from seawater rain out early from clouds (Davis et al., 1998; Winkel et al., 2011). This effect
is most easily observed with Br concentrations because human activities can preferentially enrich water, par-
ticularly sewage, with chloride. As a result, both Br and Cl/Br ratios follow the same general spatial trend as
is observed for the water isotopes (Figures 1c and S10). The lowest Br concentrations are found in river water
and groundwater samples adjacent to the river, and the highest Br concentrations is found several kilo-
meters from the river on the western bank of the river. This trend in Br concentrations has also been
observed regionally in the Red River Basin (Winkel et al., 2011). Br concentrations also can be influenced
by the decomposition of Br‐containing natural organic matter (Desbarats et al., 2014). This effect is likely sig-
nificant primarily in environments dominated by riverine recharge, which contains low (near detection
limit) Br due to the rainout before the river's inland source. However, Br likely still behaves primarily as a
conservative tracer because Cl concentrations vary due to human inputs more than do Br levels (Figure 1d).
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Spatial heterogeneity in groundwater tracer concentrations reflects considerable differences in the in
recharge source. Here, the heterogeneities between each of the tracers show large differences in the sources
of recharge locally to the aquifer system, and that underlying geochemical spatial heterogeneity reinforces
the potential for and importance of modeling the fraction of recharge from various sources infiltrating the
aquifers. Finally, while DOC and sulfate concentrations appear random, DOC concentrations appear to con-
tain some similarities with Br in addition to clusters of high values near ponds for DOC potentially related to
Br release from organic matter (Desbarats et al., 2014; Figure 1e). Other anthropogenic sources can include

Figure 1. Spatial distribution of (a) groundwater arsenic, (b) δ18O, (c) Cl, (d) Br, (e) DOC, and (f) sulfate‐S within the regional sampling area near Hanoi.
Groundwater from the initial domestic well sampling survey (December 2013 to May 2014) are shown here and are indicated by circles scaled by value (addi-
tional data sets, including high‐density sampling points in Van Phuc, not displayed). Average river values are indicated by a square, also scaled with value. The base
map is from Google Maps imagery plotted with the R package ggmap (Kahle & Wickham, 2013). DOC = dissolved organic carbon; VSMOW = Vienna Standard
Mean Ocean Water.
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latrines, with signature similar to raw sewage. Multiple sulfate sources,
including oceanic aerosols and local sulfur dioxide emissions, may contri-
bute to obscure any readily apparent trend for sulfate (Figure 1f).
Although Hanoi pumping primarily affects the west bank sites, it is diffi-
cult to see whether this perturbation has affected the tracer concentra-
tions, and thus, the potential asymmetry in recharge source between the
east and west bank that could result.

3.2. Stable Water Isotopes
3.2.1. Recharge Sources
The water isotopic composition of precipitation was highly variable but
fell very close to the global meteoric water line and local meteoric water
line (LMWL; Figure 2). Generally, the seasonality in rainfall is reflected
in the lighter isotopic signature from the warm, humid, and wet season
in September as warmer air masses can hold more water, while the heavi-
est isotopic signature occurs in the middle of the cool and dry season in
January due to increased fractionation (Berg et al., 2008; Dang et al.,
2010; Gat, 1996). River values of δ18O and δ2H vary seasonally. Themainly
light isotopic composition of the river water reflects its source region
upstream, where precipitation is composed of lighter isotopes due to rain
out that contribute to the headwaters of the Red River. Local evaporative
effects near Hanoi also slightly modify the river isotopic signature. Here,
the lightest riverine isotopic composition align very closely with the

LMWL in Hanoi, despite being derived from the upstream catchment more inland and at higher altitudes
in the mountainous Yunnan province in China (Dang et al., 2010). Although the rainy season begins in
May, the heavy June and July δ18O and δ2H values fall below the LMWL (Figure 2). This is characteristic
of evaporated water bodies either stored in the vadose zone or shallow groundwater due to a lag time for
river waters from the upstream source to reach Hanoi or dams storing and then releasing shallow water pre-
monsoon and during the early monsoon season (Genereux & Hooper, 1998; Kirchner, 2003). In September,
at the conclusion of the wet season, riverine δ18O and δ2H are at their isotopically lightest values. Pond iso-
topic compositions are consistently below the LMWL and aligned to evaporation with heavier δ18O and δ2H,
which matches well with the evaporation line for the average annual humidity of 78% in Hanoi (Berg et al.,
2008; Clark & Fritz, 1997). Similarly, pond seasonality shows the isotopically lightest values of δ18O and δ2H
at the conclusion of a rainy, wet season in September due to dilution by isotopically lighter precipitation
influx and becomes isotopically heavier due to evaporation over dry season (Berg et al., 2001; Dansgaard,
1964 ; Gat, 1971 ; Gonfiantini, 1986).
3.2.2. Groundwater
Groundwater δ18O and δ2H composition fall close to, or beneath, the LMWL, intersecting the LMWL and
riverine “water line” around δ18O of −9‰ and δ2H of −60‰ (Figure 2). Groundwater under the meteoric
water line in general is characteristic of waters that have experienced evaporation, because oxygen and
hydrogen fractionate differently due to kinetic isotopic effects when compared to equilibrium fractionation
(Dansgaard, 1964; Gat, 1971; Gonfiantini, 1986). Accordingly, the isotopic composition of groundwater
reflects the integration of recharge sources over time (Gat, 1971).

3.3. Constraining Recharge Sources With Hydrology

Both the seasonality of the stable isotopic composition of river and ponds recharge and representative Red
River water levels vary in response to the presence of the monsoon season (Figure 3). Because groundwater
isotopic composition is relatively constant, all groundwater data have been pooled regardless of sampling
date (data not shown). Monthly averages of groundwater isotopic composition of δ18O were consistently
−6‰ to −8‰, with minor variations in means reflecting sampling from different well populations. The
groundwater isotopic composition of each well, however, should reflect the source(s) and seasonal timing
of the recharge (Figure 3).

Recharge is most significant when hydraulic head gradients are greatest between groundwater and the water
source. Rivers have widely variable water levels, and as such are only episodic recharge sources and often

Figure 2. Isotopic composition (δ2H and δ18O) of ground, surface, and rain
water in the Hanoi area relative to the global (solid black line) and local
meteoric water line (dotted blacked line). The fitted lines to pond, river, and
groundwater data are from linear regression. Standard errors are in gray;
for groundwater, the standard error is smaller than the size of the point.
Months of maximum and minimum isotopic composition for each water
body are noted. VSMOW = Vienna Standard Mean Ocean Water.
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can be sites of discharge. Recharge from rivers occurs disproportionately when river levels are high during
the monsoon (Stahl et al., 2016) or in response to groundwater pumping induced shifts in flow (van Geen
et al., 2013; SI Text S1).

In contrast, local surface water bodies such as ponds and locally sourced streams have surface elevations that
are relatively stable and thus are expected to recharge more in the dry season when groundwater levels are
low. This isotopic composition of that surface water or precipitation should also be typical of dry season
sources but affected by evaporation or by clogging that slow or stop recharge to groundwater. Each surface
water body or pond could conceivably have its own isotopic composition; however, most surface water
bodies such as ponds are likely to have similar isotopic composition because they are filled with similar local
precipitation and affected similarly by evaporation. All are initially filled with local sources containing a
similar regional isotopic composition. Evaporation from those bodies is primarily a function of humidity
and temperature, which are also regionally similar. As such, surface water bodies should have δ18O and
δ2H that lie on a line with a slope determined by that evaporation rate and their position on the line deter-
mined by fraction of water that evaporates from the water body (largely determined the surface water body
depth; Clark & Fritz, 1997; Gat, 1971). In general, from the seven pondsmeasured including four pondsmea-
sured seven to eight times over a year, surface waters fall on a line and are consistently below at the LMWL.

Based on their physical hydrology, we can identify which recharge sources are important over the wet
(approximately May to October) and dry season (approximately November to April; Dang et al., 2010).
Riverine recharge likely dominates during the wet season when light upstream and local precipitation dom-
inates its composition. Peaks in the Red River water levels coincide with the timing of minimum isotopic

Figure 3. Monthly variation in isotopic composition of recharge sources compared against monthly changes in the Red
River water level and hydrograph of a “representative” groundwater well in absolute elevations (m), and rainfall (mm,
right axis) during the 2016–2017 water year (supporting information Text S1). The monsoon (or “wet season”) is
approximately indicated by the gray shaded area. Variations in recharge isotopic composition are compared to the non-
variant groundwater isotopic composition distribution, whose composition is represented by the recharge sources. Bolded
recharge source lines indicate a moving average. For the isotopic composition, all error bars in figures are smaller than size
of symbol. See Figure S2 for location of YMW4. VSMOW = Vienna Standard Mean Ocean Water.
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composition of the river and when anion concentrations are also diluted by this fresh precipitation. During
this period, δ18O is approximately −7.5‰. The evaporative effects on pond isotopic composition are evident
over the course of the dry season. During the rainy season, evaporated, heavy pond waters are diluted by
fresh, light precipitation. However, we expect recharge to be most significant in dry seasons when the head
difference between surfacewater and groundwater is greatest. Fromdifferentiation of these sources, multiple
distributions and combinations of potential end‐members were determined (SI Text S1).

4. Discussion
4.1. End‐Member Modeling of Recharge Sources
4.1.1. Quantification of Recharge Sources
The fraction of precipitation, surface water (pond/sewage), and riverine recharge is determined from the
modes of the histograms produced using ensemble modeling for each sample. In general, the majority of
recharge in aquifers found in the regional study area can be explained by the ensemble model, meaning
theMonte Carlo simulation of multiple distributions of end‐members was able to capture a fraction recharge
for 174 out of the 183 groundwater samples (95.1%). The standard deviation of each recharge source was
taken as the mean standard deviation over all groundwater samples' histograms for a particular recharge
source: ±0.109 for fraction riverine recharge, ±0.102 for fraction precipitation recharge, and ±0.051 for frac-
tion surface water recharge (SI Text S1). Since the modes are taken as the most probable fraction recharge, it
should be noted that there is no constraint on the sum of calculated fractions, so it need not add to unity.
However, the sum is a useful measure of the fit quality. The majority of fraction recharge from river water,
precipitation, and surficial water still sum up close to 1 (fraction summing between 0.90 and 1.10) for all
groundwater samples modeled (Figure S5). For geochemistry relationships, only groundwater samples with
modeled recharge source fraction that sum up to 1.0 ± 0.1 are included (which gives 162/183 samples or
88.5%). We then used the normalized values to relatively compare the different recharge fractions.
4.1.2. Spatial Distribution of Recharge Sources
The spatial variability in recharge sources as determined by fraction of surface water (nonriverine, i.e., pond
and sewage), fresh precipitation, and Red River recharge from the model also provides a qualitative verifica-
tion of end‐membermodeling where unique RGB values are assigned per percent recharge source (red =Red
River, green = surface water, and blue = fresh precipitation; Figure 4). We can discern that most recharge
dominated by riverine recharge lie close to the Red River by the inverse relationship between fraction river
and distance from river, while aquifers dominated by surficial water bodies aremore heterogeneous and scat-
tered,most likely on the availability of surficial waters to recharge (Figure S14). In particular, fraction of pond
recharge does not correlate with river distance as pond recharge instead depends upon the heterogeneous dis-
tribution of ponds over the survey area (Figure S14). Similarly, sewage sources are point sources and do not
display a notable correlation. The remaining aquifers are recharged by short residence time standing water
(fraction fresh precipitation), which increase with distance away from the river (Figure S14). Dominance
of a certain recharge source indicates not only the availability of the source but also its ability to permeate
the subsurface to reach the aquifer that could give an indication of subsurface structure.

4.2. Relation of Recharge Source Variations to Groundwater Geochemistry
4.2.1. Relation Between Recharge Source and Groundwater Arsenic
Although the increasing concentration categories or classes of arsenic as defined in Figure 5 do not appear
to have significantly different recharge compositions, consideration of the geochemical parameters
with increasing arsenic concentrations alongside fraction recharge is critical to understanding potential
arsenic release.

From the model, we find a combination of riverine recharge, surface water, and precipitation recharging the
aquifers (Figure 5). Their distinct compositions impact groundwater aquifer composition and redox state.
More importantly, these variable sources carry different concentrations of important geochemical variables,
such as sulfate or DOC, capable of influencing dissolved arsenic concentrations. Average arsenic
concentrations in river water (4.27 μg/L) are much lower than in average arsenic concentrations in ground-
water (92.4 μg/L), which indicates arsenic mobilization occurs along the flow path into or within the aquifer
and is not being transported from the river water itself.
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4.2.2. Relationship Between Recharge Source, DOC and Groundwater Arsenic
Different sources of recharge have the potential to contain both different amounts of arsenic but also
different concentrations and qualities (reactivities) of DOC and thus lead to varying levels of arsenic
in groundwater. Here, we focus our attention on the relationship between total DOC and fraction
recharge. DOC levels are highly variable but those levels decrease considerably as the fraction of river-
ine recharge increases (Figures 6a and 7); we thus infer that riverine recharge does not contain a high
concentration of DOC once it reaches the aquifer and that the variability in the total DOC reflects more
variable inputs in nonriverine recharge sources. From this, we introduce two distinct populations of
wells: (Case A) those with low (<50%) riverine recharge and (Case B) those with majority (>50%) riv-
erine recharge. The DOC concentration is significantly different (p < 0.05, based on Kruskal‐Wallis test)
for low riverine recharge samples (Case A) versus high riverine recharge samples (Case B; Figure S15).
In this study, Case A consists of groundwater derived from other recharge sources that often contains
much higher DOC levels than in Case B with typically low DOC in waters (<2 mg/L; Figure 7).
Across both Cases A and B, groundwater with low dissolved Fe typically contain have <10 μg/L arsenic
and low DOC (Figure S19).

4.2.2.1. Case A, Wells With Low Riverine Recharge
Differences in DOC and recharge sources also affect arsenic levels.
For Case A, high arsenic (>100 μg/L) containing groundwater is
associated with higher DOC (up to 10 mg/L DOC) most dramatic
where fraction riverine recharge <0.25 and consistent with OC driv-
ing reduction and subsequent arsenic release (Figures 6 and S16).
Case A groundwaters are also found with higher dissolved Fe
(Figure S19). Dissolved ammonium is a product of OC decomposi-
tion in general, and it is often found to increase with groundwater
arsenic concentrations because they are both coupled to Fe reduc-
tion (e.g., Harvey et al., 2002; Polizzotto et al., 2008; Postma et al.,
2007). Although we do not distinguish here what part of the process
it comes from, high DOC from solid organic matter degradation can
indicate that extensive arsenic reduction has occurred within the
sediments, with the potential for more reduction to occur from
DOC decomposition (Berg et al., 2008).

In Case A groundwaters, dissolved ammonium concentrations
indeed also appear to generally increase with increasing arsenic

Figure 4. Spatial variability of recharge sources where red is Red River recharge, blue is fresh precipitation, and green is surface water. Hanoi cone of depression is
indicated by 2‐m groundwater table contours in black (adapted from Berg et al., 2008, and van Geen et al., 2013). Legend for spatial map is given by RGB colors
on ternary diagram. Groundwater samples that are not described by the ensemble members are omitted. The base map is from Google Maps imagery. Ternary
diagram made with R package ggtern (Hamilton & Ferry, 2018).

Figure 5. Ternary diagram of three end‐member recharge sources of fresh preci-
pitation, surface water, and river in groundwater samples categorized by arsenic
concentrations.
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concentrations, which may be most dramatic and evident for fraction riverine recharge <0.25 (Figures 6b
and S17). The DOC driving iron reduction could have been derived from the advected recharge sources or
from in situ carbon. However, there are only weak relationships between DOC concentrations and high
nonriverine recharge sources (Figure S18), suggesting an important in situ sedimentary source of OC to
the aquifer. For example, the high arsenic, high‐DOC region in the southwest of study area away
from the riverbank contains extensive peat layers that may be the source of OC and NH4

+ from
decomposition (Berg et al., 2008). Furthermore, Berg et al. (2008) maps NH4 concentrations that
strongly corroborate high NH4 from high OC decomposition (Figure 6).
4.2.2.2. Case B, Wells With High Riverine Recharge
To then understand the effects of DOC from riverine recharge on arsenic levels in Case B, we need to con-
sider the riverbank geochemistry. Stahl et al. (2016) found that in areas of recent deposition, riverbank
pore waters can be highly elevated in arsenic due to extensive iron reduction and rapid arsenic release
within depositional riverbanks that ultimately are the source of riverine recharge, partially because they
contained both abundant OC and reactive iron oxides. Also, older sediments may lack the reactive Fe oxi-
des and/or sediment arsenic for Fe reduction and arsenic release (Postma et al., 2017; Stahl et al., 2016).
Thus, the occurrence of high arsenic in recharging river water is strongly dependent on the geologic con-
ditions of the riverbank sediments.

For Case B, groundwater rich in high riverine recharge contains much lower DOC and ammonium con-
centrations at equivalent arsenic levels. We infer from these observations that only small quantities of
DOC are needed to release arsenic from riverbank sediments into recharge. In riverbanks, there is abun-
dant sedimentary organic matter that contributes to reduction, so this would be expected. This redox
process would also produce some dissolved iron and ammonium. However, the modest levels of both
indicate that Fe (II) and ammonium are either retained or consumed in the solid phase within these
shallow systems.

WithinCase B, there are some outliers (Figure 6, outlined circles) that havemuch greater DOC levels than the
mean. The additional DOC in these outliers is most likely not from river water but instead from in situ (sedi-
mentary) or minor recharge sources such as sewage or pond water that contain high DOC. In most areas,
local geological data would be helpful to establish which of these contribute DOC. For example, Hanoi sew-
age is discharged near Yen My and contains elevated DOC. Peats and other sedimentary DOC sources also
can influence DOC, ammonium, and arsenic levels (Figures 6a and 6b; Berg et al., 2008; Norrman
et al., 2015).

Figure 6. (a) Dissolved organic carbon versus fraction recharge contribution of riverine recharge. Case A, low (<50%) riverine recharge, is shaded in gray with Case
B, high (>50%) riverine recharge, in white. Within each category of arsenic concentration (0–10, 11–50, 51–100, 101–500, including >500 μg/L As), riverine
recharge shows an inverse linear relationship with dissolved organic carbon in the system when considering realistic dissolved organic carbon (DOC) values under
10 mg/L as in Case A. In Case B, DOC levels remain close to each other nearly no matter the category of arsenic concentration. Outliers above 1.5 times the
interquartile range and determined by an outlier test are either delineated by outlined circles or are not plotted, since they are greater than 10 mg/L DOC.
(b) Ammonium versus fraction riverine recharge, colored per arsenic category. Only groundwater samples with a valid fraction recharge are included. Outliers
above 1.5 times the interquartile range are delineated by outlined circles or are not plotted, since they are greater than 10 mg/L DOC.
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Sedimentary geology and geomorphology affect the distribution of arsenic available for release. All ground-
waters contain some Fe (II) and thus indicate extensive reduction. However, not all groundwaters contain
arsenic, in part because arsenic is depleted from some sediments due to rapidly flushing. Thus, riverine
recharge will contain elevated arsenic when derived from recently deposited sediments that still contain
abundant arsenic (Postma et al., 2017; Stahl et al., 2016). Although it is difficult to establish the recharge loca-
tion for most samples, this relationship is clear in sampling from Van Phuc, which has been extensively stu-
died (e.g., Stahl et al., 2016; van Geen et al., 2013). In Van Phuc, high arsenic groundwaters containing
riverine recharge are located principally near or in depositional environments, while low arsenic ground-
waters containing riverine recharge are located within erosional zones. For cases investigated in Van
Phuc, sediment history and geomorphology imprint as a noticeable control on top of riverine recharge distri-
bution, further influencing arsenic release. This emphasizes the fundamental utility of modeling recharge
source to independently tease apart these various groundwater populations influenced by geological factors
such as peat burial and riverbank geomorphology.
4.2.2.3. Pond and Sewage Recharge
Ponds and sewage are often assumed to be rich in DOC and thus a significant potential contributor to Fe
reduction and arsenic mobilization. Here, we find considerable DOC in some water samples derived from
these sources, but there are no significant correlations between the fractions of pond water or sewage
and the DOC or arsenic levels in the studied groundwaters (Figure S18). These data suggest that redox
changes associated with these carbon sources do not contribute significantly to arsenic release at this site
(Figure S18). In fact, for either groundwater with discernable fraction pond recharge or fraction sewage
recharge, the highest concentrations (>10 mg/L) of DOC are more clearly associated with slightly lower
to midrange dissolved arsenic concentrations (~11 to 50 μg/L; Figure S18). One explanation for this obser-
vation is that one source of DOC, human or animal sewage, contains high nitrate and sulfate, both of which
can affect Fe (III) reduction and/or arsenic sequestration (McArthur et al., 2012; Norrman et al., 2015). The
studied groundwater samples with greater than 5% fraction of sewage recharge have an average of 8.36
mg/L SO4 as S, while groundwater with less than 5% fraction sewage recharge only contain 1.75 mg/L
SO4 as S. These groundwaters with fraction sewage greater than 5% and high sulfate waters contain average
arsenic of 19.45 μg/L.
4.2.3. Effect of Sulfate on Groundwater Arsenic
Dissolved arsenic concentrations are commonly associated with sulfate concentrations less than a few
mg/L (McArthur et al., 2012; Saalfield & Bostick, 2009; Sun, Quicksall, et al., 2016). Since different
recharge sources should have distinct sulfate concentrations, the introduction of high sulfate groundwater,
for example, from sewage or local oxidation of organic or mineral S, could potentially influence

Figure 7. Dissolved arsenic concentrations versus dissolved organic carbon concentrations and grouped by fraction of riverine recharge. Groundwater containing
>50% riverine recharge usually contains less than 2–3 ppm dissolved organic carbon (Case B, purple), while groundwaters from other sources (<50% riverine
recharge) contain higher dissolved organic carbon levels (Case A, blue). Only groundwater samples with a valid fraction recharge are included. Outliers above 1.5
times the interquartile range are delineated by outlined circles.
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groundwater As levels. Sulfate concentrations of 1 mg/L or more generally can sustain appreciable sulfate
reduction (Jakobsen & Postma, 1999; Pallud & Van Cappellen, 2006).

In this study, we also find arsenic is associatedwith low sulfate (Figure S12). To better understand the sources
and sinks of S that affect S levels in each groundwater sample, it is often useful to compare measured sulfate
levels to sulfate concentrations predicted based on seawater sulfate/chloride ratios (McArthur et al., 2012).
This is done using the seawater‐freshwater mixing line (equation (9)) as calculated (SI Text S2) similar to
McArthur et al. (2012).

ΔSO2−
4 excess sulfateð Þ ¼ measured SO2−

4 – predicted SO2−
4 where

predicted SO2−
4 ¼ SO2−

4

Cl−

� �
sea salt

*Cl−measured ¼
2; 710

mg
L

SO2−
4

19; 350
mg
L

Cl−

0
B@

1
CA*Cl−measured

(9)

Here, predicted SO4
2− (as S) is calculated as predicted sulfate as SO4

2−= Cl/21.4 when SO4
2− is converted to

S (SI equations). Deviation of measured sulfate concentrations from predicted implies that other sources or
sinks of sulfate are present. Potential sources can include seawater or sea salt aerosols, sulfur oxide (SOx)
emissions, sewage, andmicrobial sources among other sources. SOx emissions heremay arise from local traf-
fic pollution or industrial coal burning (Hien et al., 2014), which is oxidized to SO4

2− in the atmosphere.
Sinks can include sulfate reduction. Calculation of ΔSO4

2− here accounts for one of the major sources: sea
salt aerosols in precipitation.

In general, arsenic concentrations are generally low when sulfate levels are higher than a fewmilligrams per
liter or when ΔSO4

2− is positive (Figure 8). This is usually interpreted as indicative of either persistent oxi-
dizing conditions (where arsenic can remain on stable iron minerals) or sulfate reducing conditions that
favor the formation of arsenic sulfide minerals. In this study, positive ΔSO4

2− values were observed in
groundwaters that were often reducing (Figure 8), as evidenced by high dissolved Fe levels in these water

Figure 8. Arsenic versus ΔSO4
2− as categorized by (a) fraction Red River recharge and (b) fraction sewage. Vertical black line indicates sulfate values match pre-

dicted sulfate from seawater‐freshwater mixing line (ΔSO4
2−= 0). Red line indicatesWorld Health Organization limit for arsenic. All points, colored by two cases of

low or high riverine recharge, indicate groundwater samples with the size proportional to concentration of dissolved Fe. Dissolved Fe is indicative of reducing
conditions even where ΔSO4

2− is positive (usually thought of as more oxidizing).
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samples indicating an iron‐reducing environment. However, this reduction does not release arsenic, possibly
due to the formation of sulfide minerals in areas where active Fe reduction is occurring (Buschmann &
Berg, 2009).

Groundwaters in our study area with high As generally have values of ΔSO4
2− < 0 (i.e., indicative of a loss of

sulfate, often reaching concentrations of <1 mg/L; Figure 8). Negative ΔSO4
2− indicates that sinks of sulfate

have removed more of the sulfate than would have been added by only one of the sources (seawater). Thus,
the high‐As waters with negative ΔSO4

2− have been affected by extensive sulfate reduction and/or cycling.
This is consistent with extensive sulfate reduction predicating high arsenic concentrations (Bethke et al.,
2011; Borch et al., 2010).

It is difficult to relate sulfate or ΔSO4
2− concentrations to recharge source. Although there is no distinct

linear relationship with arsenic concentrations, groundwaters with low riverine recharge fractions (Case
A) have a wider distribution of ΔSO4

2− than is observed for waters with high riverine recharge fractions
(Case B). The consistency of Case B groundwaters implies that inferred sulfate levels are consistent and
that sulfate removal by sulfate reduction is widespread in groundwaters dominated by riverine recharge
(Figure 8a). The variation in ΔSO4

2− for Case A groundwaters probably reflects considerably more var-
iation in sources and in sinks that affects groundwater sulfate levels. One potential source of sulfate and
DOC is sewage, both of which influence arsenic levels (McArthur et al., 2012; Norrman et al., 2015).
Both sulfate and ΔSO4

2− in this study are clearly affected by differences in sewage inputs but that those
inputs do not necessarily yield high‐As groundwater (Figure 8b).

5. Conclusions

From this regional survey in the Red River Delta, we find that groundwater is recharged from surficial water
bodies, fresh precipitation, and river water that have seasonality variability in their isotopic signatures. The
isotopic composition of these water bodies (δ18O and δ2H) contributes a distinct isotopic signature to the
groundwater aquifers, which maintains a consistent isotopic signature that reflects their recharge sources.
From Monte Carlo simulations of end‐member modeling with conservative geochemical tracers of δ18O,
δ2H, and Cl distribution of values, we find rivers and ponds are also an important contributor with heteroge-
neous distribution driven by increased groundwater pumping in the expanding Hanoi area. This novel
approach allows us to differentiate recharge source in systems where there is considerable variability in
end‐member compositions in time and space and allows us to connect recharge source information to geo-
chemistry, especially opportune and advantageous for large data sets where networks of hydrographs are
much more infeasible.

There appears to be significant recharge from the Red River occurring regionally and frequently associated
with high‐As groundwater. For each category of increasing arsenic concentration, aquifers dominated by
low (<50%) riverine recharge (Case A) have defined correlations between DOC and As concentrations,
especially for fraction riverine recharge <0.25. In contrast, aquifers dominated by high riverine (>50%)
recharge (Case B) all have lower DOC concentrations that are uncorrelated to As concentrations. This could
mean that riverine recharge contains As that is efficiently advected into the aquifers. However, it is impor-
tant to note that geological heterogeneity along the flow path to the aquifer may exacerbate or reduce
groundwater arsenic contamination by adsorbing or desorbing additional As through facilitating additional
reduction or creating preferential flow. Sulfate and DOC concentrations also appear to be affected by these
processes. Sulfate cycling is evident in most water samples, and much of the sulfate is removed from
groundwater, even from waters that contained elevated levels of sewage.

Understanding complex hydrology is difficult in sparse networks but remains essential in understanding
groundwater quality since the accurate attribution of recharge sources can help inform water resource man-
agement. It is fundamental to consider increased urbanwater use that creates high gradients for recharge and
may disrupt our current understanding of seasonality of recharge as discerned from geochemical parameters.
Water pumping affects both local gradients and the sources of recharge and thus could affect water quality. In
particular, it is also critical to understand the interactions between surface water and groundwater. From our
novel reconstruction of fraction recharge source, we are able to identify the areas where groundwater arsenic
concentrations are susceptible to change due to hydrologic disturbances that affect the groundwater quality
for millions in this region.
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